To investigate the effect of insect damage on the biosynthesis of secondary metabolites, we cultivated Angelica acutiloba with and without damage caused by the larvae of Papilio machaon. Compounds from the leaves and roots of A. acutiloba were extracted with chloroform and analyzed by GC-MS. We annotated the peaks based on the mass spectral data and retention times. In addition, the effects of insect damage on the plants were investigated by principal component analysis (PCA). As a result, it was clarified that the amounts of ligustilide, -terpinene and -caryophyllene, increased in leaves after being damaged by insects. Polyacetylenes also increased in the roots of damaged plants. In addition, as prompt responses, increases in the proteins relating to hydrogen peroxide synthesis and decreases in the proteins concerned with a non-urgent response to pathogenic attack were clarified by proteomic analysis. These results indicate that cultivation methods using the chemical-ecological response of the plant can contribute to the production of higher-quality crude drugs derived from A. acutiloba.
According to a survey conducted by the Japan Kampo Medicines Manufacturers Association, during the Japanese fiscal year from 2011 to 2012, only 7% of the major crude drugs for medicine and food depended on domestic production, whereas 80% of them relied on importation, mostly from China [1] . Recently, it has become difficult to import high-quality crude drugs from China due to the drain on natural resources of medicinal plants and an increase in global consumption. Simultaneously, with the aging of Japanese agricultural workers and the stagnation of domestic prices, the amount of the crude drugs produced is decreasing. Therefore, urgent development of production systems for high-quality crude drugs is required in Japan.
Among the most frequently used crude drugs, the Japanese angelica root (the root of Angelica acutiloba or A. acutiloba var. sugiyamae (Umbelliferae)) is native to Japan and is one of the typical medicinal plants with stable production for Japanese consumption. Japanese angelica root is an important crude drug used in Japanese traditional medicine (Kampo) for the treatment of dysmenorrhea, amenorrhea, metrorrhagia and menopausal symptoms. It has been reported that the main active constituents of the roots of A. acutiloba are ligustilide, butylidenephthalide, and falcarinol [2] .
Respective plants have inherent insect pests and serious damage caused by such pests inhibits the growth of the plants. However, it has been reported that the content of some of the secondary metabolites increased as a result of plant-insect interaction [3] . The functions or benefits of many secondary metabolites in plants still remain unclear. There are good reasons to protect some plants from predators, but also good reasons to attract predators to other species. For example, tobacco (Nicotiana tabacum) and cotton (plants of the genus Gossypium) change their blends of volatile compounds to attract the parasitic wasp (Cardiochiles nigriceps) when they are damaged by noxious insects (Heliothis virescens or Helicoverpa zea) [4] . In addition, it is also reported that maize roots and leaves damaged by the larvae of the Western corn rootworm (Diabrotica virgifera virgifera) emit (E)--caryophyllene (trans-caryophyllene) to attract entomopathogenic nematodes Heterorhabditis megidis [5] .
As described above, there have been many chemical-ecological studies on the relationships between crops and herbivore damage. However, almost no research of this type has been reported for medicinal plants. Medicinal plants produce many compounds to help them survive in severe environments. The pharmaceutical properties of many crude drugs are attributable to such secondary metabolites. Therefore, knowledge of the actual function of secondary metabolites triggered in response to environmental factors could be utilized to produce highly functional crude drugs.
It is well known that the larvae of Papilio machaon is the most harmful insect pest for A. acutiloba or A. acutiloba var. sugiyamae, causing serious damage to the growth of the plant. The present study aims at investigating the prompt response of short period damaged A. acutiloba utilizing metabolomic and proteomic analyses.
In Tables 1 and 2 , the annotation data for the major peaks in the GC-MS data for the leaf and root extracts from the insect damaged and undamaged samples are shown. Peak annotation was carried out by comparing the data with the reported mass spectral data and the retention time data [6] . Ligustilide, -caryophyllene and falcarinol were identified by comparison of their mass spectral data and retention times with those of standard compounds. In the leaves, the amount of ligustilide, -terpinene and -caryophyllene significantly increased in insect damaged A. acutiloba, whereas the amounts of both -terpinene and falcarinol in the roots of insect damaged A. acutiloba showed significant increase. It is well known that falcarinol, one of the polyacetylene compounds, has an important role in plant defense systems as an antibacterial agent [7] . Therefore, the increase in the amounts of these compounds should be a reasonable response against the damage caused by the insects. Although there are clear visual differences between the chromatograms of the leaves and the roots of the insect damaged and undamaged A. acutiloba samples, for an easier and non-biased interpretation of the results and to reduce the dimensionality of the multivariate data obtained from the GC-MS results, we analyzed the GC-MS chromatographic data using principal component analysis (PCA). PCA is an unsupervised method of multivariate data analysis and is used for the investigation of metabolomic profile analyses in complex mixtures such as plant extracts. As can be seen in Figure 1 , six samples have been classified into two groups. The lower left group consists of samples of insect damaged A. acutiloba and the upper right group consists of undamaged samples.
In Figure 2 , the loading plot of the leaf and root samples is shown. A significant increase in the amount of ligustilide was detected in the insect-damaged A. acutiloba. In addition, increases in terpinene and -caryophyllene were also observed, whereas the amounts of neophyadiene, vitamin E and rhamnol decreased.
Regarding the fluctuations in the chemical contents in the roots of insect-damaged plants, increases in the concentrations of terpinene and falcarinol were observed in the roots of insectdamaged A. acutiloba. On the other hand, the amount of ligustilide decreased significantly. Miyazawa et al. have reported that ligustilide is, to some extent, an effective insecticide for the larvae of Drosophila melanogaster [8] . In our investigation, we observed an accumulation of ligustilide in insect damaged leaves, which indicates the possibility of the insecticidal function of ligustilide in A. acutiloba. The insecticidal activity of -terpinene on Tribolium confusum adults and eggs and on Ephestia kuehniella larvae and eggs has been investigated [9] . From the results, -terpinene shows a 100% insecticidal rate, unlike other monoterpenes, by increasing the concentration and exposure time [9] . Therefore -terpinene might be produced in order to kill pests. As mentioned in the introduction, -caryophyllene is considered to attract the natural enemies of herbivores. This is very different from the action of ligustilide and -terpinene, since these provide an indirect method of controlling pests.
On the polyacetylene compounds, there have been reported several biological activities such as the concentration-dependent insecticidal activity on Culex pipiens [10] and the stimulatory and inhibitory effects on the proliferation of mammary epithelial cells isolated from pre-pubertal Friesian heifers [11] . Therefore, polyacetylene compounds increased in insect damaged A. acutiloba should be important functional constituents in case of usage of A. acutiloba as crude drug. Thus, it should be possible to use moderate insect damage to improve the functionality of medicinal plants including A. acutiloba, though further studies are required on the relationship between the degree of damage by herbivores and the concentrations.
The results of shotgun proteomic analysis show 291 proteins with different expression levels derived from the plants. These were annotated and the results are given in Figure 3 where it was classified by their functions. Most of the annotated proteins can be attributed to proteins relating to primary metabolism (50.4%; carbohydrate metabolism (22.3%), amino acid metabolism (6.5%), protein synthesis (7.9%), protein destination (6.5%), nucleotiderelated (3.1%), and cell organization (4.1%)) and photosynthesis (38.8%). Proteins relating to anti-stress and defense counted for 6.9% of the total. In Table 3 , annotated proteins regarding secondary metabolism, anti-stress, defense and others are shown. Among them, superoxide dismutase (Table 3 ) increased after insect damage. In addition, an increase in peroxidases after insect damage was observed in the protein analysis after 2-DE (Table 4 ).
Suzuki et al. have reported that reactive oxygen plays an important role in plants, triggering defense pathways in remote tissues [12] . Furthermore, Liu et al. have reported that reactive oxygen species are involved in plant defense against Cecidomyiidae [13] . These results indicate that the amount of hydrogen peroxide in damaged plants might increase as a primary defense after herbivory. In addition, increase of calmodulin (Table 3 ) was also observed after insect damage. Ranty et al. reported that calmodulin and its relating proteins are involved in the plant defense signaling pathways against pathogens [14] . This result would suggest that Ca 2+ signaling in plant implicates defense responses against herbivory.
Proteins related to secondary metabolism constituted 1.7%. Among these, 5-epi-aristolochene synthase is an enzyme that synthesizes 5epi-aristolochene from farnesyl diphosphate (FPP). Its expression level decreases after insect damage. It is well known that 1,10cyclization of the farnesyl cation provides germacrene-type sesquiterpenes, while 1,11-cyclization provides humlene and caryophyllene-type sesquiterpenes (Figure 4) . Gonzalez et al. proposed that germacrene-type and humulene-type sesquiterpenes arise through independent biosynthetic pathways catalyzed by distinct 1,10-and 1,11-cyclases [15] , and Rising et al. indicated that germacrene A is an intermediate in the catalysis of 5-epiaristolochene synthase [16] . 5-Epi-aristolochene is a common precursor of the sesquiterpenoid phytoalexins, capsidiol and debneyol [17] . In the present study, it was clarified that the amount of 5-epi-aristolochene synthase decreased, on the other hand the amount of -caryophyllene increased after insect damage. These facts would suggest that the damaged plants effectively utilize their limited resources for secondary metabolism towards enhancing the defense system against the larvae of P. machaon, even cutting their other defense systems for a short period of time. The confidence score is a significance score generated by Progenesis QI software. Fold change is the ratio of sum of identified ion abundances of damaged specimens to that of undamaged specimens. In conclusion, we cultivated A. acutiloba with or without short period damage from P. machaon larvae, and analyzed fluctuations in the chemical contents in the leaves and roots of the respective A. acutiloba samples using multivariate analysis (PCA). In insectdamaged A. acutiloba samples, significant increases in the contents of ligustilide in the leaves and falcarinol in the roots were observed.
In addition, increased levels of -terpinene and -caryophyllene in the leaves of insect damaged A. acutiloba were detected. On the other hand, the amount of ligustilide in the roots decreased. In addition, increases in proteins relating to hydrogen peroxide synthesis and decreases in proteins concerned with the plant's response to pathogenic attack as prompt responses were clarified by proteomic analysis. Because -caryophyllene and 5-epiaristolochene are synthesized from the same precursor, it is considered that effective utilization of the plant's limited resources is performed in response to the insect damage as a prompt response. These results should indicate that a cultivation method using the chemical-ecological response of the plant would contribute to the production of higher-quality crude drugs derived from A. acutiloba.
Experimental

Specimens and reagents for Investigation of secondary metabolites:
A. acutiloba plants were cultivated in the Experimental Station for Medicinal Plant Research, University of Toyama, following the usual agronomical cultivation practices and under the same conditions. During one month, some of the plants were grown under a net to keep away P. machaon larvae and others were grown without any such protection. The size of the mesh of the net was enough to protect the plants from the insects and the net did not shield the light. The whole plants were dug out during July. This period is considered to be the initial reproductive stage of the plant. The collected specimens were frozen at -80°C until they were used for the experiment. Analytical grade chemicals and LC-MS grades of chromatographic solvent reagents were purchased from Wako Chemical Co. Ltd. The (Z)-ligustilide 0.1 mg/mL MeOH standard solution was purchased from Wako Chemical Co. Ltd. (Osaka, Japan).
Analytical instruments: GC-MS analyses were performed with a Shimadzu QP 2010 mass spectrometer (Shimadzu, Kyoto, Japan) equipped with a Shimadzu GC 2010 gas chromatography system. The column was a fused-silica capillary column, DB-5MS (30 m × 0.25 mm i.d., film thickness 0.25 μm). The injector and the transfer line were maintained at 270 °C. The oven temperature was programmed as follows; initial temperature: 50 °C; initial hold time: 3 min; temperature ramp-up rate: 10 °C/min; final temperature: 300 °C; final hold time: 5 min. The flow-rate of the carrier gas (He) was 1 mL/min. The following conditions were used for mass spectrometry; ionization: EI mode; ionization current: 60 μA; ionization voltage: 70 eV. For GC-MS peak annotation, the NIST 11 Mass Spectral Library, the Wiley Registry of Mass Spectral Data, 9th Edition and database of essential oil components [6] were used.
